Sulfonyl chlorides substituted with functional groups having high proton affinity can serve as derivatization reagents to enhance the sensitivity for steroidal estrogens in liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). The most commonly used reagent for derivatization of estrogens for LC-ESI-MS/MS is dansyl chloride. In this study, we compared dansyl chloride, 1,2-dimethylimidazole-4-sulfonyl (DMIS) chloride, pyridine-3-sulfonyl (PS) chloride, and 4-(1H-pyrazol-1-yl)benzenesulfonyl (PBS) chloride for derivatization of 17βestradiol (E2) prior to LC-ESI-MS/MS. The product ion spectra of the dansyl and DMIS derivatives were dominated by ions representing derivatization reagent moieties. In contrast, the product ion spectrum of the PS derivative of E2 and, to a lesser extent, the PBS derivative, showed analytespecific fragment ions. Derivatization with PS chloride was therefore chosen for further investigation. The product ion spectrum of the PS derivative of E2 showed intense ions at m/z 272, assigned to the radical E2 cation, and at m/z 350, attributed to the loss of SO 2 from the [M+H] + ion. Third-stage mass spectrometry of the PS derivative of E2 with isolation and collisional activation of the m/z 272 ion resulted in steroid C and D ring cleavages analogous to those observed in electron ionization mass spectrometry. The product ion spectra of the PS derivatives of estrone, 17α-ethinylestradiol, equilin, and equilenin showed similar estrogen-specific ions. Using derivatization with PS chloride, we developed an LC-ESI-MS/MS method with multiple reaction monitoring of primary and confirmatory precursor-to-product ion transitions for the determination of E2 in serum.
Introduction
The accurate and precise measurement of 17β-estradiol (E2) 1 in human serum is important in evaluating ovarian function, fertility, menopausal status, and cancer risk [1, 2] . The major analytical challenge is to measure the very low levels of E2 that are found in physiological samples. The E2 levels in serum of cycling women only reach about 300 pg/mL during the peak of menstrual cycle, and are considerably lower in serum of men, children and postmenopausal women [1] . Various immunoassays are used to detect E2 in human urine and serum, but the accuracy, precision, and reproducibility of them are often of concern [3] [4] [5] . The values measured by immunoassays are in some cases significantly higher than the values measured in parallel assays by mass spectrometry (MS), and the differences have been attributed to antibody cross-reactivity and various interferences [6, 7] .
Numerous methods employing gas chromatography-MS and tandem mass spectrometry (MS/ MS) have been developed for steroid analysis [7] [8] [9] [10] , although in recent years increasing numbers of analysts are opting for the use of liquid chromatography (LC)-MS and LC-MS/MS techniques to determine these compounds. A major obstacle in steroid analysis by LC-MS and LC-MS/MS had been that many steroids are weakly ionizable in the electrospray ionization (ESI) and atmospheric pressure chemical ionization techniques of LC-MS and LC-MS/MS, leading to low inherent sensitivity. Over the years chemical derivatization techniques have been developed to enhance the ionization of various analytes in LC-MS [11] [12] [13] [14] . The deficiency of poor ionization of steroids in LC-MS has now been largely overcome; a number of derivatization procedures that involve either the introduction of a group carrying a formal charge [15] [16] [17] [18] or the attachment of a group with high proton affinity [14, [19] [20] [21] [22] are now used to enhance ionization efficiency for positive ion detection in steroid analysis by LC-MS and LC-MS/MS.
For the analysis of steroidal estrogens by LC-ESI-MS/MS, pre-column derivatization by reaction with dansyl chloride at the C-3 hydroxyl groups of these compounds is by far the most popular technique, and is now widely used in both biomedical [14, [23] [24] [25] [26] [27] [28] [29] and environmental [30] [31] [32] applications. There are, however, aspects of the analysis of estrogens as dansyl derivatives that are not desirable. With dansyl derivatization and LC-ESI-MS/MS of steroidal estrogens, the vast majority of the ion current after collision-induced dissociation (CID) of the [M+H] + ion is carried by a single ion derived from the protonated 5-(dimethylamino)-naphthyl moiety [14, [23] [24] [25] [26] , and very little of it by estrogen-derived ions, thereby making MS/MS and third stage MS (MS 3 ) analyses structurally uninformative. The identification of unknown estrogens and their metabolites is therefore not significantly aided by the formation and analysis of dansyl derivatives. For quantitative LC-ESI-MS/MS determinations of the dansyl derivative of a typical steroidal estrogen, the analyst is usually confined to recording the intensity of a single MS/MS transition that does not involve the measurement of an estrogen-specific product ion. Since no confirmatory MS/MS transitions are readily available, interferences from matrix components may be problematic in the quantitative analysis of estrogens as dansyl derivatives [30] .
In a recent study, we investigated the use of 1,2-dimethylimidazole-4-sulfonyl (DMIS) chloride as a derivatization reagent for the analysis of several phenolic compounds, including steroidal estrogens. We found that the product ion spectra of most of the DMIS derivatives showed predominantly ions representing the DMIS moiety; however, for the DMIS derivatives of some of the compounds, such as 3-phenanthrol, the product ion spectra contained peaks that we assigned to radical ions derived from the parent phenolic compounds [20] . These results prompted us to investigate additional sulfonyl chlorides as potential derivatization reagents, 1 Abbreviations used: CID, collision-induced dissociation; CS-FBS, charcoal-stripped fetal bovine serum; DMIS, 1,2dimethylimidazole-4-sulfonyl; E1, estrone; E2, 17β-estradiol; E2-d5, [2,4,16,16,17-2 H 5 ] 17β-estradiol; EE2, 17α-ethinylestradiol; EI, electron ionization; EQ, equilin; EQN, equilenin; ESI, electrospray ionization; HPLC, high-performance liquid chromatography; LC, liquid chromatography; LLOQ, lower limit of quantitation; MS, mass spectrometry; MS/MS tandem mass spectrometry; MS 3 , thirdstage mass spectrometry; MRM, multiple reaction monitoring; PBS, 4-(1H-pyrazol-1-yl)benzenesulfonyl; PS, pyridine-3-sulfonyl; Q1, Q2, and Q3, quadrupoles 1, 2, and 3.
with the goal of identifying ones that produce derivatives that give rise to analyte-specific fragment ions in MS/MS. In this study, we compared the properties of several sulfonyl chlorides substituted with functional groups having high proton affinity as derivatization reagents for steroidal estrogens: dansyl chloride, DMIS chloride, 4-(1H-pyrazol-1-yl) benzenesulfonyl (PBS) chloride, and pyridine-3-sulfonyl (PS) chloride. While each of these reagents effectively enhanced the ionization efficiency for E2 analysis by LC-ESI-MS/MS, we found that the product ion spectra of the PS derivatives of steroidal estrogens showed abundant estrogen-specific ions. Derivatization with PS chloride was therefore chosen for further investigation with additional steroidal estrogens, and for development of a quantitative analytical method for E2.
Materials and methods
Materials E2, 17α-ethinylestradiol (EE2), and dansyl chloride were purchased from Sigma-Aldrich (St. Louis, MO). Estrone (E1), equilin (EQ) and equilenin (EQN) were purchased from Steraloids (Wilton, NH). [2, 4, 16, 16, H 5 ]17β-Estradiol (E2-d5) was synthesized from E1 as described [33] , with the exception that the reduction at C-17 was performed with sodium borodeuteride. DMIS chloride was purchased from Oakwood Products (West Columbia, SC). PS chloride was obtained from Matrix Scientific (Columbia, SC). PBS chloride was purchased from Maybridge of Thermo Fisher Scientific (Morris Plains, NJ). HPLC-grade acetonitrile and methylene chloride were purchased from J.T. Baker (Phillipsburg, NJ). Analytical-grade acetone and methanol were purchased from Mallinckrodt Baker (Paris, KY). Charcoal-stripped fetal bovine serum (CS-FBS) was purchased from Hyclone (Logan, UT). The water used was purified using a MilliQ system (Millipore, Billerica, MA).
Derivatization
Aliquots of estrogen standards in methanol or serum extracts were evaporated to dryness in 3-mL reacti-vials (Pierce, Rockford, IL) under N 2 . Eighty microliters of sodium bicarbonate buffer (0.1 M, pH 10) were added to the vials, followed by 80 µL of one of the derivatization reagents, which were 1.0 mg/mL solutions in acetone of either dansyl chloride, DMIS chloride, PBS chloride, or PS chloride. The vials were vortexed, placed in a heater block preset at 60 °C , and allowed to react for 15 min for preparation of dansyl, DMIS, and PS derivatives, or for 30 min for preparation of PBS derivatives. The reaction mixtures were then cooled on ice for 10 min and were then transferred to 250-µL inserts in autosampler vials for LC-ESI-MS/MS analysis. The reaction of PS chloride with E2 is depicted in Scheme 1.
Analysis by LC-ESI-MS, -MS/MS, and -MS 3
The two analytical systems used in this study consisted of (1) an Applied Biosystems/MDS Sciex API 2000 triple quadrupole mass spectrometer operating with Analyst software, version 1.4.1, and interfaced with an Agilent (Santa Clara, CA) 1100 Series liquid chromatograph, and (2) an Applied Biosystems/MDS Sciex API 4000 Q TRAP mass spectrometer operating with Analyst software, version 1.4.2, and interfaced with an Agilent 1200 Series liquid chromatograph. Both systems were equipped with turbo ion spray sources. LC-ESI-MS with full scanning on quadrupole 1 (Q1) and LC-ESI-MS/MS with product ion scanning on Q3 were performed in the positive ion mode on system 1. LC-ESI-MS was performed over the range of m/z 200 to 500 with 1.5-s scans. In LC-ESI-MS/MS product ion scanning, [M+H] + ions identified in previous LC-ESI-MS analyses were isolated by Q1, and were subjected to CID in Q2; Q3 was operated in the scanning mode with 1.5-s scans from m/z 70 to 50 m/z above the value of the [M+H] + ion under analysis. Both Q1 and Q3 were operated with unit mass resolution. Nitrogen was used as the curtain gas (at setting 30), gas 1 (at setting 50), gas 2 (at setting 60), and the collision gas (at setting 9). The declustering potential, entrance potential, collision energy, and collision exit potential were 90, 7, 40, and 10 V, respectively. On both systems, the electrospray voltage was set at 5000 V and the turbo gas temperature was set at 500 °C.
LC-ESI-MS 3 and LC-ESI-MS/MS with multiple reaction monitoring (MRM) were performed in the positive ion mode on system 2. In MS 3 scan functions performed on the API 4000 Q TRAP, product ions produced in Q2 were isolated with Q3 functioning as a linear ion trap, and these ions were subjected to further CID and mass analysis. The final MS 3 spectrum was obtained by a 1.5-s scan of Q3 over the range of m/z 50 to 300. For the analysis of E2 as its PS derivative by LC-ESI-MS/MS with MRM, the ion source and instrumental parameters were optimized for E2-PS, monitoring the m/z 414 → 272 MS/MS transition, and E2-d5-PS, monitoring the m/z 419 → 277 MS/MS transition, using direct infusion. The dwell times were 100 ms, and both Q1 and Q3 were operated with unit mass resolution. Nitrogen was used as the curtain gas (setting 30), gas 1 (setting 50), gas 2 (setting 60), and the collision gas (setting high). The declustering potential, entrance potential, collision energy, and collision exit potential were 91, 7, 35 and 15 V, respectively. In experimental protocols, the MS/MS transition of m/z 414 → 350 was also monitored, to confirm the presence of PS-E2. The electrospray voltage was set at 5000 V, and the turbo gas temperature was set at 500 °C.
High-performance liquid chromatography (HPLC) was performed using a Luna 3µ Phenyl-Hexyl column (2.0 × 150 mm, 3-µm particle size; Phenomenex, Torrance, CA). The injection volume was routinely 20 µL. Unless otherwise indicated, the mobile phase program consisted of an initial hold at 60% solvent A (0.1% formic acid in H 2 O)/40% solvent B (0.1% formic acid in 95/5 acetonitrile/H 2 O) for 1 min, followed by a linear gradient to 20% A/80% B over 18 min, a linear gradient returning to 60% A over 1 min, and a re-equilibration hold at 60% A/ 40% B for 8 min prior to the next sample injection. The flow rate was 0.2 mL/min, and the column was at ambient temperature.
Preparation of E2 standard solutions and calibration curves
A methanolic stock solution of E2 at 0.2 mg/mL was used to prepare working standards of 1, 10, 100, and 10,000 ng/mL by serial dilution into methanol. All standards were stored in amber vials at −80 °C. CS-FBS was used as the matrix to prepare the calibration standards. These standards were prepared by addition of the appropriate amount of working standards to 2-mL aliquots of CS-FBS, to give the final concentrations of 10, 25, 50, 100, 250, 500, and 1000 ng/ L.
Analysis of E2 in serum as its PS derivative
To each sample, standard, and blank, a constant amount of internal standard, E2-d5 (1.8 ng), was added. These samples were extracted with 12 mL of methylene chloride for 30 min at room temperature with continuous rotation on a Barnstead/Thermolyne Labquake (Dubuque, IA) rotating shaker. The lower organic phases were then recovered and transferred to new glass tubes, the solvent was evaporated to about 2 mL, and the extracts were transferred into 3-mL reacti-vials. The organic solvent then was evaporated to dryness under N 2 , and the samples were derivatized with PS chloride and analyzed by LC-ESI-MS/MS with MRM as described above.
Lower Limit of Quantitation (LLOQ) and internal standard % recovery
The U.S. Food and Drug Administration LLOQ recommendations 2 of (1) the analyte peak signal-to-noise ratio ≥ 5, (2) the relative standard deviation of <20% for replicate analyses, and (3) the accuracy of the analysis within 20% of the theoretical value were evaluated for the determination of the LLOQ for the analysis E2 in serum as its PS derivative. Recovery of the E2-d5 internal standard was determined as the ratio of the peak areas recorded for the E2-d5 internal standard, monitoring the MS/MS transition of m/z 419 → 277, in samples in which it was spiked into 2-mL CS-FBS aliquots prior to extraction with methylene chloride to those recorded when the internal standards were spiked into the methylene chloride phases that were recovered after extraction of 2-mL CS-FBS aliquots.
Method validation
For inter-day validation of the method for E2 analysis in serum, aliquots (2 mL) of CS-FBS were spiked with appropriate amounts of working standards of E2, in quadruplicate, to achieve concentrations of 50 ng/L (low level), 250 ng/L (medium level), and 800 ng/L (high level). To each of these samples, 1.8 ng of E2-d5 was added as the internal standard. The samples were extracted and derivatized as described above prior to analysis by LC-ESI-MS/MS on the API 4000 Q TRAP using MRM. Three validation batches were prepared, to assess the accuracy and precision this method, and each batch was analyzed on a different day. Each batch included a blank, a set of calibration standards with duplicates at each E2 concentration, and four replicates of samples spiked at the low, medium, and high levels.
Results and discussion

LC-ESI-MS/MS analysis of four aryl-sulfonyl derivatives of E2
The reconstructed ion chromatograms from analysis of the dansyl, PBS, PB, and DMIS derivatives of E2 by LC-ESI-MS/MS, each using the same HPLC gradient program but recorded with product ion scan functions specific for each particular derivative, are shown in Fig. 1 . The retention times increased for chromatography of the DMIS, PS, PBS, and dansyl derivatives, respectively, reflecting the relative hydrophobicities of the reagent moieties. The Q1 full-scan mass spectrum of each of the four derivatives of E2 showed an intense [M+H] + ion (data not shown). Upon CID, the product ion spectra recorded for the four derivatives of E2 indicated fundamentally different types of fragmentation processes (Fig. 2) . The product ion spectrum of the [M+H] + ion of the DMIS derivative of E2 at m/z 431 ( Fig. 2A) is dominated by the ions of m/z 159, m/z 144, and m/z 96, which are assigned respectively to DMIS, methylimidzaole sulfonyl, and dimethylimidazole ions, as discussed previously [20] . In contrast to the product ion spectrum of the DMIS derivative, in which the ion current was almost entirely carried by ions originating from the DMIS moiety, the product ion spectrum of the PS derivative of E2 (Fig. 2B) shows a series of intense ions that appear to have originated from the E2 moiety. Most notable of these is the prominent ion at m/z 272, which we have assigned to a radical E2 cation produced by the loss of the PS group as a neutral radical from the [M+H] + ion, or [M+H−C 5 H 4 NSO 2 ] + . (Scheme 2).
Another prominent ion in the product ion spectrum of the [M+H] + ion of the PS derivative of E2 is observed at m/z 350. We propose that this ion is formed by the loss of SO 2 from the [M +H] + ion, with rearrangement (Scheme 2); it can be designated as [M+H−SO 2 ] + . Peaks representing the loss of 64 Da, attributable to the loss of SO 2 , are apparent in the product ion spectra of the dansyl derivatives of some phenolic compounds [34, 35] and for some sulfonamides in the negative ion mode [36] . The relatively minor peak at m/z 79 is assigned to the radical pyridinium ion formed by homolytic cleavage of the bond between the protonated pyridine ring and the sulfonyl group. Other ions in the product ion spectrum, notably those at m/z 254, 213, 188, and 186, appear to arise from the E2 portion of the molecule as a result of ring cleavages of the steroid nucleus.
Like the product ion spectrum of the E2 PS derivative, the product ion spectrum of the [M +H] + ion of the E2 PBS derivative at m/z 479 shows a peak at m/z 272, assigned to the radical E2 cation (Fig. 2C) . However, the three more abundant ions at m/z 207, 159, and 144 appear to arise from the PBS moiety. We propose that the ion at m/z 207, assigned to [C 9 H 7 N 2 SO 2 ] + , is a highly resonance-stabilized ion formed by heterolytic cleavage of the S-O bond between the PBS moiety and the estrogen A ring. The ion at m/z 159 is assigned to [C 9 H 7 NO] + and appears to arise from cleavage of the S-O bond after rearrangement of the sulfonyl group, analogous to the fragmentation observed in the product ion spectra of benzenesulfonamides [37] . We propose that the ion at m/z 144 represents a radical pyrazolylbenzyl ion, [C 9 H 8 N 2 ] +. , arising from homolytic cleavage of the C-S bond between the protonated pyrazolylbenzene moiety and the sulfonyl group. The product ion spectrum of the dansyl derivative of E2 showed the dominant ion of m/z 171 (Fig. 2D ), as has been previously observed and assigned to an ion representing the 5-(dimethylamino)naphthyl moiety, formed by homolytic cleavage of the C-S bond between the naphthalene and sulfonyl groups [14, 23] .
Based on our observation that, upon CID, the PS derivative of E2 produced the highest relative abundance of E2-specific fragment ions of the four derivatives -a property that could engender more selective and specific MS/MS methods -we chose PS chloride for further investigation as a derivatization reagent for the analysis of E2 and other steroidal estrogens.
LC-ES-MS 3 of the PS derivative of E2
The ion at m/z 272 in the product ion spectrum of the PS derivative of E2 ( Fig. 2B ) appears to be structurally identical to the molecular ion, M +. , that is produced in the mass spectrometric analysis of underivatived E2 with electron ionization (EI). While taking into account the caveat that the processes in EI and CID that lead to elevated internal energy of the ions are distinct, we nonetheless hypothesized that CID of the ion at m/z 272 that is produced in LC-ESI-MS/ MS of the PS derivative of E2 may result in a spectrum that is analogous to the EI spectrum of underivatized E2. To investigate this possibility, we performed MS 3 experiments in which the [M+H] + ion of the PS derivative at m/z 414 was isolated and collisionally activated to produce the m/z 272 ion, which was in turn isolated and collisionally activated, with the resulting fragment ions then analyzed by scanning the mass spectrum over the range of m/z 50 to 300. This final mass spectrum from the MS 3 analysis (Fig. 3) shows a high degree of similarity to the EI mass spectrum of E2 found in the National Institute of Standards and Technology database 3 . While they differ considerably in their relative intensities, all of the annotated peaks in Fig. 3 are also observed in the EI mass spectrum of E2, suggesting common fragmentation pathways in the two MS techniques.
Based on extensive studies of the EI mass spectra of underivzatized estrogens and estrogen analogs [38] [39] [40] [41] , several fragmentation pathways were proposed by these previous authors, leading to the structural assignments for prominent ions depicted in Scheme 3. The peak at m/ z 254, one that is prominent in the MS 3 spectrum of the PS derivative of E2 but is of very low intensity in the EI spectrum of E2, is most likely formed by the loss of H 2 O from the C-17 hydroxyl group, a process that may be more favorable in CID rather than in EI-induced fragmentation. The two prominent peaks at m/z 186 and 188 ( Fig. 3) appear to represent cleavages of the steroid C and D rings. In analogy to the EI spectrum of E2, the formation of the ion at m/z 172 may be produced by the cleavage of the C and D rings with hydrogen migration, and the peak at m/z 146 may be produced by cleavage of the C ring, as has been proposed [38, 39] .
LC-ESI-MS/MS of the PS derivatives of E1, EE2, EQ, and EQN
We next investigated the broader utility of PS derivatization by applying the technique to additional steroidal estrogens. The PS derivatives of E1, a major endogenous estrogen, EE2, a synthetic estrogen widely used in birth control formulations [42] , and the equine-derived, Bring unsaturated estrogens, EQ and EQN, which are present in pharmaceutical preparations used for estrogen replacement therapy [43] , were prepared and analyzed by LC-ESI-MS/MS. The product ion spectrum of the PS derivative of E1 showed a fragmentation pattern analogous to that of the PS derivative of E2; the peak at m/z 270, assigned to the radical E1 cation, and the peak at m/z 348, assigned to the [M+H−SO 2 ] + ion, are the two most abundant in the spectrum (Fig. 4A) . The radical pyridinium ion at m/z 79 is of relatively low abundance. The ions at m/z 146, 172, 185 and 213 all appear to arise from E1, and all are also prominent in the EI spectrum of E1 [41] . Their formation has been discussed in detail in earlier reports [38] [39] [40] [41] . The product ion spectrum of the PS derivative of EE2 shows a significant peak at m/z 374, assigned to [M+H−SO 2 ] + , while the radical EE2 cation at m/z 296 and the radical pyridinium ion at m/z 79 are of relatively low intensity (Fig. 4B ). The base peak in the spectrum of the PS derivative of EE2 is at m/z 213, and is thought to arise from a D ring cleavage (Scheme 3) [38] as discussed above.
Intense peaks representing the radical EQ cation at m/z 268 and the [M+H−SO 2 ] + ion at m/z 346 are observed in the product ion spectrum of the PS derivative of EQ; however, the base peak is at m/z 79, representing the radical pyridinium ion (Fig. 4C ). Other characteristic fragment ions, including those at m/z 211, 183, 147, and 122, which appear to arise from the EQ moiety, are relatively minor. The ions at m/z 211 and 183 have also been observed and discussed in previous studies of EI mass spectrum of EQ [38] . The fragment ions at m/z 147 and 122 are likely formed by cleavage of C and B rings, respectively, followed by hydrogen rearrangement.
Unlike the spectra of the PS derivatives of the other estrogens investigated in this study, the product ion spectrum of the PS derivative of EQN did not show a peak representing the [M+H −SO 2 ] + ion, which would have been observed at m/z 344 (Fig. 4D) . The fully aromatic A and B ring system may contribute to this phenomenon by stabilizing the radical EQN ion at m/z 266, leading to the preferential formation of this ion, as opposed to the loss of SO 2 from the [M+H] + ion. The ions at m/z 238, 223, 210, and 197 appear to arise from various C and D steroid ring cleavages of the radical EQN ion, and analogous ions have been observed in the EI mass spectrum of EQN-3-methyl ether [38] . We propose that the fragment ion at m/z 238 is formed by loss of CO at C-17. The fragment ion at m/z 223 may then be formed by the loss of a methyl radical from the m/z 238 ion, and the ion at m/z 210 by loss of carbons 15 and 16 as C 2 H 4 , also from the m/z 238 ion.
Analysis of E2 in serum as its PS derivative
For the quantitative analysis of E2 in serum, seven-point calibration curves in duplicate with increasing E2 concentrations over the range of 10-1000 pg/mL showed excellent linearity (r 2 > 0.997), when responses for both the m/z 414 → 272 and m/z 414 → 350 MS/MS transitions relative to the responses to the E2-d5 internal standard transition of m/z 419 → 277 were plotted against increasing E2 concentration (Fig. 5 ). The ratio of the slope of the calibration curve for the m/z 414 → 272 transition to the slope of the m/z 414 → 350 curve is 2.11, indicating that this ratio of the peak areas of the two MS/MS transitions at the retention time of the PS derivative of E2 is confirmatory for the presence of E2, and this ratio should be observed in determinations of E2 in this analysis. The mean recovery of the E2-d5 internal standard determined for the procedure used to extract E2 from serum was 94.4% (n = 8).
The results of the inter-day validation assays at the spike levels of 50, 250, and 800 pg/mL E2 in CS-FBS are presented in Table 1 . The accuracy of the method was evaluated by determination of the mean relative errors, and the precision by evaluation of the relative standard deviations. The accuracies for each of the three spike levels on each of the three days were within 9.0%, and the precision ranged from 1.9 to 8.6 %. For these determinations, the ratios of the peaks areas for the m/z 414 → 272 MS/MS transition to peak areas for the m/z 414 → 350 transition ranged from 1.96 to 2.09, with a mean value of 2.02 ± 0.04 (n = 12). Under our LC-ESI-MS/MS conditions for the analysis of the PS derivative of E2, the reconstructed ion chromatograms showed no significant interferences in the analysis of the CS-FBS blank for either the m/z 414 → 272 or the m/z 414 → 350 transition (Fig. 6) . The signal-to-noise ratios for the analyte peaks in the 10 pg/mL E2 sample exceeded 5 for both MS/MS transitions. Analysis of a set of CS-FBS samples spiked with E2 at 10 pg/mL (n = 8) resulted in a relative standard deviation of 19.8%, a mean relative error of −8.1%, and a mean ratio of the peak areas for the m/z 414 → 272 to m/z 414 → 350 MS/MS transitions of 2.19 ± 0.20. These results indicate that a LLOQ of 10 pg/mL was achieved by this method, representing an instrumental sensitivity of about 2 pg (7 fmol) of E2 on column. The ultimate sensitivity of this technique will depend on the instrumentation used. There are a number of commercially available mass spectrometers employing ESI that significantly exceed the sensitivity of the systems used in this study.
Conclusions
In our comparison of dansyl, DMIS, PBS, and PS chlorides as derivatization reagents for the enhancement of the sensitivity for the analysis of estrogens in LC-ESI-MS/MS, we found that each effectively enhanced the ionization of steroidal estrogens under ESI conditions. These reagents also offer differing hydrophobicities of the resultant estrogen derivatives, allowing the analyst to opt for shorter retention times in reversed-phase HPLC by selecting one of the less hydrophobic derivatives. We chose derivatization with PS chloride for further development not only because of the chromatographic properties of the derivatives, but mainly because of the analyte-specific and highly informative MS/MS product ion spectra obtained from them, which are beneficial in both qualitative and quantitative analyses. We found that, by the use of derivatization with PS chloride and LC-ESI-MS 3 , "EI-like" mass spectra of estrogens can be recorded under ESI conditions. These mass spectra will undoubtedly be useful in structural identification and confirmation of estrogens and their metabolites, and perhaps in the analysis of other phenolic compounds. This will particularly be the case when the product ions of the PS derivatives are analyzed using MS instrumentation that is capable of high mass accuracy determinations. For quantitative determinations by MRM, the analysis of E2 as its PS derivative allows recording of primary and confirmatory MS/MS transitions that involve detection of analyte-specific fragment ions, which may lessen the probability of matrix interferences over recording the intensity of a single reagent-derived ion. The monitoring of two MS/MS transitions for E2 analysis offers an additional degree of analytical specificity, since the ratio of the responses of the two MS/MS transitions should be constant, and deviation from the expected ratio would be indicative of interference. Derivatization of E2 by reaction with PS chloride.
Scheme 2.
Proposed pathways for the fragmentation of the [M+H] + ion of the PS derivative of E2 under CID. Table 1 Inter-day assay values, accuracy, and precision for the analysis of CS-FBS samples spiked with E2. 
